In this study, we demonstrate that: (i) injection of an adenovirus (Ad) vector containing the brain-derived neurotrophic factor ( In the adult rat retina, Ͼ90% of retinal ganglion cells (RGCs) die within two weeks of axotomy (1). These central nervous system neurons, which have been shown to express the brainderived neurotrophic factor (BDNF) signaling receptor trkB (2), can be rescued by a single intravitreal injection of this neurotrophin at the time of optic nerve (ON) transection (3). However, this survival effect is transient, only delaying the onset of RGC death by Ϸ3 days. Here we have investigated the possibility of extending the delivery of BDNF by using recombinant adenovirus (Ad) vectors. We found that the intravitreal injection of Ad vectors results in a selective transgene expression by Müller cells, the main glial cell type in the mammalian retina (4). Müller cells, which play a role in the metabolic maintenance and structural integrity of retinal neurons, have cytoplasmic processes in close contact with neuronal cell bodies, including RGCs and photoreceptors (5). Consequently, we investigated if: (i) Müller cells infected with an Ad vector containing the BDNF gene could produce this neurotrophin within the retina; (ii) such local production of BDNF would enhance the survival of acutely injured RGCs; and (iii) the persistent expression of Ad-mediated BDNF by transduced Müller cells could promote long-term survival of axotomized RGCs.
In the adult rat retina, Ͼ90% of retinal ganglion cells (RGCs) die within two weeks of axotomy (1) . These central nervous system neurons, which have been shown to express the brainderived neurotrophic factor (BDNF) signaling receptor trkB (2) , can be rescued by a single intravitreal injection of this neurotrophin at the time of optic nerve (ON) transection (3). However, this survival effect is transient, only delaying the onset of RGC death by Ϸ3 days. Here we have investigated the possibility of extending the delivery of BDNF by using recombinant adenovirus (Ad) vectors. We found that the intravitreal injection of Ad vectors results in a selective transgene expression by Müller cells, the main glial cell type in the mammalian retina (4) . Müller cells, which play a role in the metabolic maintenance and structural integrity of retinal neurons, have cytoplasmic processes in close contact with neuronal cell bodies, including RGCs and photoreceptors (5) . Consequently, we investigated if: (i) Müller cells infected with an Ad vector containing the BDNF gene could produce this neurotrophin within the retina; (ii) such local production of BDNF would enhance the survival of acutely injured RGCs; and (iii) the persistent expression of Ad-mediated BDNF by transduced Müller cells could promote long-term survival of axotomized RGCs.
EXPERIMENTAL PROCEDURES
Construction and Preparation of Ad Vectors. The mouse BDNF cDNA with the human c-myc 9E10 epitope (6) fused to K246 was cloned into an Ad5 shuttle plasmid (7) under control of the cytomegalovirus (CMV) promoter. This plasmid was cotransfected (8) into 293 cells with E1-deleted Ad5 DNA (dl309). Virus plaques generated by homologous recombination were screened by the PCR using sequence-specific primers for mouse BDNF (5Ј-CCGGTATCCAAAGGCCAACTG-3Ј) and the c-myc epitope tag (5Ј-TTCTTCAGAAATAAGCT-TTTG-3Ј). The resulting replication-deficient virus (Ad.BDNF) was plaque purified, propagated in 293 cells, and concentrated on CsCl gradients by using standard procedures (9) . Following addition of 10% glycerol, viral stocks were stored at Ϫ80°C. Titers of the concentrated viral stocks, determined by direct plaque assay, were in the order of 2-5 ϫ 10 10 plaque forming units͞ml. Absence of wild-type Ad was verified by titration using HeLa cells and by PCR as described (10) . A control Ad vector containing the CMV-LacZ reporter gene expression cassette (6) was propagated and purified in a similar fashion.
Characterization of Ad-Mediated BDNF Expression in Mül-ler Cells in Vitro. The rat Müller cell line HPV-16 E6͞E7 (11) was maintained in DMEM (GIBCO͞BRL) supplemented with 10% fetal bovine serum in a humidified incubator. Cells were plated in 48-well plates (Ϸ3-5 ϫ 10 4 cells per well) 24 hr before infection, which was performed in PBS containing 2% horse serum for 2 hr at 37°C at multiplicities of infection (plaqueforming units͞cell) between 1 and 1,000. Müller cell supernatants and whole cell extracts were collected 48 hr later and used for Western blot analyses or neuronal survival bioassays. Cells were incubated with the secretion blocker Monensin (10 Ϫ7 M; Sigma) for 8 hr after virus infection and processed for antic-myc antibody staining 48 hr later. Cells expressing the BDNF͞c-myc protein were visualized using a fluorescence microscope (Polyvar, Reichert-Jung).
Protein samples were loaded onto SDS͞18% polyacrylamide gels and transferred to polyvinylidene difluoride membranes (Bio-Rad) according to the manufacturer's specifications. Blots were processed for anti-c-myc antibody staining and developed with nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate p-toluidine salt.
For neuronal survival bioassays, lumbar dorsal root ganglia from chicken embryos [embryonic day 8.5 (E8.5)] were prepared as described (12) . Aliquots of 8,000 cells were added to 200 l of Müller cell conditioned media and plated on poly-D-lysine and laminin-coated (17.5 g͞ml, Sigma) 18-mm diameter wells in 60-mm culture dishes. Cells were maintained in a humidified incubator at 37°C and the number of surviving neurons was determined 24 hr later by direct cell counting of the entire wells.
In Vivo Gene Delivery, Histochemical Analysis, and Quantitation of Neuronal Rescue. All surgical procedures were performed in female Sprague-Dawley rats (180-200 g) under general anesthesia (7% chloral hydrate; 0.42 mg per g of body weight, i.p.) in accordance with the guidelines for the use of experimental animals (13) . Ad stocks (5 l) were injected intravitreally into the superior hemisphere of the retina using a posterior approach as described (3) . Control eyes were injected with an equal volume of Ad.LacZ, human BDNF protein (5 g in BSA͞PBS), or Hepes-buffered saline (virus vehicle).
Serial radial sections of the entire retina were obtained for analysis of the transgene expression pattern. Cryosections (15 m) were incubated in 10% normal goat serum in 0.2% Triton-X-100 (Sigma) in PBS for 30 min at room temperature followed by addition of anti-c-myc antibody (Oncogene Research Products, Cambridge, MA) in 2% normal goat serum in PBS for 14-18 hr at 4°C. Sections were further processed with biotinylated anti-mouse Fab fragment (Jackson ImmunoResearch), avidin-biotin-peroxidase reagent (ABC Elite Vector Labs, Burlingame, CA), followed by reaction in a solution containing 0.05% diaminobenzidine tetrahydrochloride and 0.06% hydrogen peroxide in 0.1 M phosphate buffer (pH 7.4) for 5-10 min. For 5-bromo-4-chloro-3-indolyl ␤-Dgalactoside staining, eyes postfixed in 4% paraformaldehyde were incubated in staining solution (1 mg͞ml 5-bromo-4-chloro-3-indolyl ␤-D-galactoside͞5 mM K 3 Fe(CN) 6 ͞5 mM K 4 Fe(CN) 6 .3H 2 O͞2 mM MgCl 2 , in PBS) 1 hr to overnight at 37°C, then rinsed briefly, and processed for frozen sections.
For RGC survival experiments, cells were retrogradely labeled with the fluorescent tracer Fluorogold (Fluorochrome, Englewood, CO; 2% in 0.9% NaCl containing 10% dimethyl sulfoxide) by application of the tracer to the superior colliculi 7 days prior to transection of the ON. Intravitreal administration of virus, BDNF, or vehicle solution was performed at the time of ON cut close to the eye. Rats were sacrificed by vascular perfusion with 4% paraformaldehyde and both the left (ON lesion) and right (intact control) retinas were dissected, fixed for an additional 30 min and flat-mounted vitreal side up on glass slides. The ganglion cell layer was examined under fluorescence microscopy (excitation filter, 355-425; barrier filter, LP 460) and Fluorogold-labeled neurons were counted in standard areas (14) . Results were analyzed by using the SIGMASTAT program (Jandel, San Rafael Madera, CA) by a Student's t test (paired groups).
For immunosuppression studies, animals received daily subcutaneous injections of the immunosuppressant FK-506 (Fujisawa Pharmaceuticals, Osaka) at a dose of 1 mg͞kg body weight that started 2 days prior to Ad.BDNF injection. Control eyes were injected with Ad.LacZ or vehicle. Eyes were obtained at 16 and 30 days after virus administration and processed for RGC density quantitation, c-myc immunohistochemistry, or histochemical staining using standard procedures (15) .
RESULTS
Müller Cells Express the Ad-Mediated BDNF in the Intact and Injured Retina. Following intravitreal injection of Ad.BDNF, c-myc staining of retinal sections demonstrated that tagged BDNF was located in Müller cells ( Fig. 1 a and b) . This observation was confirmed in both intact and axotomized retinas. Addition of a c-myc tag to BDNF allowed the use of a specific anti-c-myc antibody to distinguish the Ad-mediated BDNF from the endogenous BDNF, normally present in 3-5% of RGCs (16). We did not detect the tagged BDNF in RGCs or other retinal neurons. Labeling of retinal pigment epithelium was occasionally observed but only at the needle track (not shown). This was presumably due to exposure of retinal pigment epithelium to Ad particles at the time of needle insertion. Subretinal injections of Ad have been shown to result in efficient transduction of retinal pigment epithelium cells (17, 18) .
We compared the staining pattern of single Müller cells transduced with Ad.BDNF or control Ad.LacZ ( Fig. 1 b and  c) . C-myc immunoreactivity in Müller cells infected with Ad.BDNF was observed along the radial processes from the basal end-feet to the apical region in the outer nuclear layer (ONL). Interestingly, a diffuse immunostaining at the level of the ONL was always found in cells transduced with the Ad.BDNF vector ( Fig. 1 a and b) suggesting that tagged BDNF was secreted by Müller cells. This was in contrast to the 5-bromo-4-chloro-3-indolyl ␤-D-galactoside staining found in cells transduced with Ad.LacZ in which the blue reaction product remained confined to the cytoplasm (Fig. 1c) .
Expression of the tagged BDNF protein in Müller cells was detected as early as 1. Ad-mediated BDNF was tested in vitro using the rat Müller cell line HPV-16 E6͞E7. Cells derived from this line are highly reactive for Müller cell markers including S-100, carbonic anhydrase-C, cellular retinaldehyde binding protein, and glial fibrillary acidic protein (11) . In some preparations, the cells infected with Ad.BDNF were exposed to the secretion blocker Monensin (19) to prevent loss of BDNF͞c-myc protein into the culture medium and to permit localization within cells. C-myc immunoreactivity in Ad-infected Müller cells (Fig. 2a) was most intense in the perinuclear cytoplasm with little or no staining along the cellular processes. Only background staining was detected in monolayers exposed to control Ad.LacZ (Fig.  2b) . Fig. 2c shows an immunoblot in which the conditioned media (CM) or whole cell protein extracts of Müller cells infected with Ad vectors were visualized by anti-c-myc staining. In agreement with the predicted relative molecular mass of 14.2 kDa for recombinant BDNF͞c-myc (Fig. 2c, lane 1) , a single protein corresponding to the fully processed BDNF͞c-myc monomer was detected in the supernatant of Müller cells exposed to Ad.BDNF (Fig. 2c, lane 2) . The absence of BDNF͞c-myc protein was confirmed in all negative controls: (i) supernatant of cells transduced with Ad.BDNF in the presence of Monensin (Fig. 2c, lane 3) ; (ii) whole cell protein extracts of Müller cells infected with Ad.BDNF (Fig. 2c, lane  4) ; and (iii) CM of Müller cells infected with Ad.LacZ (Fig. 2c,  lane 5) . The lack of detectable amounts of pre-pro BDNF͞c-myc in whole cell extracts suggests that Ad-mediated BDNF is rapidly processed and secreted by these cells.
The biological activity of BDNF secreted by Ad-transduced Müller cells was assayed by using spinal sensory neurons from chicken embryos (E8.5). Quantitation of neuronal survival in the presence of this medium indicated that the biological activity of Ad-mediated BDNF was strikingly similar to that observed when recombinant BDNF was administered at concentrations that supported maximal neuronal survival (10 ng͞ml) (Fig. 2d) . This result also indicates that the biological activity of the Ad-mediated BDNF was not compromised by addition of the c-myc tag. CM from Müller cells exposed to Ad.LacZ only produced background survival activity similar to that normally found in the CM of uninfected Müller cells. Interestingly, Müller cell cultures normally express a significant amount of endogenous neurotrophic activity. The nature of this activity is presently unknown but it could be attributed to the production of trophic factors other than BDNF. For example, it has been suggested that Müller cells up-regulate expression of basic fibroblast growth factor (bFGF) and ciliary neurotrophic factor (CNTF) after retinal injury (20) . Addition of recombinant BDNF at saturating amounts (10 ng͞ml) to the CM of Müller cells transduced with Ad.BDNF did not result in further increases in neuronal survival. However, addition of BDNF protein significantly increased the survival effect of medium alone, CM alone or CM of cells infected with Ad-.LacZ, indicating that BDNF was the factor responsible for this survival effect in vitro (Fig. 2d) . These results also suggest that the BDNF introduced via the Ad vector was present at levels capable of saturating the trkB receptors present in the BDNFresponsive population of sensory neurons (21) .
Expression of Ad-Mediated BDNF by Müller Cells Transiently Enhances the Survival of Injured RGCs in Vivo. To test if gene transfer of BDNF into Müller glia was sufficient to rescue injured RGCs in vivo, an intravitreal injection of Ad.BDNF was carried out immediately after ON transection. Retinas were examined histologically at 10, 16, 21, and 28 days after ON transection and neuronal densities determined, using retrograde labeling with the tracer Fluorogold to identify surviving RGCs. Examination of retinas that received Ad.BDNF showed significantly more Fluorogold-labeled RGCs than retinas from animals that received Ad.LacZ or vehicle at all times examined (Fig. 3) . At 10 days after axotomy, neuronal counts indicated that 65% (1,530 Ϯ 189 RGCs͞mm 2 ; mean Ϯ SD) of the total number of RGCs survived in retinas exposed to Ad.BDNF compared with controls: 42% with Ad.LacZ (999 Ϯ 84 RGCs͞mm 2 ) and 26% with vehicle (619 Ϯ 128 RGCs͞mm 2 ). Surviving RGCs were evenly distributed within each standard area examined, suggesting a widespread effect of Ad-mediated BDNF. At 10 days, a higher RGC survival was observed in eyes injected with Ad.LacZ when compared with vehicle-injected eyes. This may have been due to the Adtriggered immune response characterized by infiltration of inflammatory cells capable of providing trophic support (22) . This Ad.LacZ related effect was not statistically significant at later times. Although the total number of surviving RGCs decreased with time after axotomy, the values for the retinas that received Ad.BDNF remained significantly greater than for the Ad.LacZ or vehicle injected eyes (Fig. 3) . At all times examined, the effect of Ad.BDNF was as potent as that observed following a single intravitreal administration of recombinant BDNF, indicating that in vivo synthesis of BDNF by Ad-infected Müller cells effectively delayed the death of axotomized RGCs. 
Immunosuppression Prolongs BDNF Transgene Expression in Müller Cells but Does Not Extend RGC Survival.
Histological examination of retinas exposed to Ad vectors demonstrated an early infiltration of macrophages and mononuclear cells primarily at the site of injection (data not shown). This cellular immune response was apparent within the first week of recombinant Ad injection, but was considerably decreased 2 weeks later. Daily injections of the immunosuppressant FK-506 effectively eliminated the cellular immune response triggered by Ad vectors (not shown). There were no signs of inflammation in retinas of immunosuppressed rats examined at 7, 10, and 16 days after injection of recombinant Ad.
It has been shown previously that the immune response elicited by Ad vectors abolishes long-term expression of the transgene (23, 24) . Maximal gene expression peaks during the first week of injection and rapidly declines to basal levels within the next few weeks. In the present experiments, immunosuppression lead to a sustained and strong expression of BDNF͞ c-myc in Müller cells for the entire period studied (30 days) in both axotomized and intact retinas (data not shown). This was in contrast to the shorter expression, which gradually disappeared at 10-14 days after Ad.BDNF inoculation, observed in immunocompetent animals. In immunosuppressed rats studied from 16 days to 1 month after Ad.BDNF administration, the number of Müller cells expressing the transgene as well as their c-myc staining pattern was similar to that observed at the time of peak transgene expression in immunocompetent rats (1 week). The effect of prolonged BDNF transgene expression on RGC survival was determined in FK-506-treated rats at 16 days after ON transection. The 16-day time was selected for several reasons: (i) transgene expression was no longer detectable in any of the immunocompetent rats; (ii) in these rats, the cellular immune response was still apparent; and (iii) the survival effect of BDNF or Ad-mediated BDNF was 4.5-fold greater than the effect of vehicle injection. One concern regarding the use of FK-506 in these experiments was its possible effect on RGC survival. It has been shown previously that FK-506 promotes neurite outgrowth (25) , but its role on neuronal survival is less clear. As evidenced from our experiments, the densities of surviving RGCs in control eyes in the presence of FK-506 indicated that this drug per se did not have a significant effect on RGC survival (Fig. 4) .
Quantitation of RGC densities indicated that there was an Ad.BDNF-mediated survival effect in animals that received daily doses of FK-506 (773 Ϯ 109 RGCs͞mm 2 ). However, this (Fig. 4) . To determine if a loss of BDNF activity was responsible for the failure of prolonged transgene expression to enhance RGC survival, the experiment outlined in Fig. 5a was performed in immunosuppressed animals. Brief ly, intravitreal injections of Ad.BDNF or Ad.LacZ (control) were done at day 0 followed by Fluorogold back-labeling of RGCs at day 14. On day 21, the ON was cut immediately followed by injection of vehicle or BDNF protein.
RGC survival was then measured on day 31 (10 days after axotomy). Neuronal survival was significantly higher in retinas exposed to Ad.BDNF (1,402 Ϯ 254 RGCs͞mm 2 ; 63%) when compared with those exposed to control Ad.LacZ (742 Ϯ 359 RGCs͞mm 2 ; 33.4%) (Fig. 5b) , demonstrating that the Admediated BDNF expressed at later times under immunosuppression is still bioactive. In addition, the extent of this survival effect was comparable to that observed when Ad.BDNF was injected at day 0 followed by BDNF injection at the time of ON cut. Müller cells is that the basal end-feet of these glial cells provide a large surface for adsorption of viral particles from the vitreous chamber. Alternative explanations include the possibility that receptors mediating Ad internalization (26) are preferentially expressed by Müller cells or that the CMV promoter driving BDNF expression is selectively active or stronger in these glial cells than in neurons. For example, CMV-directed gene expression has been shown to be markedly down-regulated in postmitotic neurons (27) . Interestingly, certain DNA-binding dyes accumulate specifically in Müller cells after intravitreal injection and are not taken up by other retinal cells (28) , a finding that points toward some specificity in the entry of molecules into these cells.
DISCUSSION
Our results strongly suggest that infected Müller cells secrete Ad-mediated BDNF that is biologically active both in vitro and in vivo. In our experiments using the cell line HPV-16 E6͞E7, which retains the Müller cell phenotype in vitro (11), we found that after infection with Ad.BDNF these cells can process and secrete BDNF that is bioactive. The characteristic diffuse staining pattern surrounding Ad.BDNF-infected Müller cells in the ONL, which was never observed after Ad.LacZ infection, favors the idea of secretion of BDNF by the transduced Müller cells. Interestingly, the use of secretion blockers was not necessary to visualize the transgene product in Müller cells in the retina, suggesting some differences in the way these cells transport and secrete the BDNF͞c-myc protein in vivo and in vitro. The reason for this is not known, but it is possible that extrinsic factors such as cell-cell interactions or extracellular matrix components play a role in regulating the rate of secretion of BDNF͞c-myc in the in vivo situation. Most importantly, expression of Ad-mediated BDNF by Müller cells in vivo prolonged the survival of axotomized RGCs over the entire retina. This survival effect may involve secretion of Ad-mediated BDNF by Müller cells into the surroundings of neurons within the retina and also into the vitreous chamber with further diffusion to the RGC layer.
Other studies have focused on the transfer of reporter or therapeutic genes directly into retinal neurons (29, 30) or photoreceptors (31, 32) . For example, RGCs have been targeted by retrograde transport following application of an Ad.LacZ vector to the superior colliculus (29) or by intravitreal injection of an adeno-associated virus vector (30) . The approach we describe here takes advantage of the typical Müller glia cytoarchitecture with processes closely apposed to different classes of retinal neurons. Our study also differs from other indirect but more invasive approaches to deliver trophic factors to the lesioned adult central nervous system in which primary fibroblasts (33) or central nervous system-derived neural stem cells (34) were genetically engineered to secrete nerve growth factor and then transplanted into the site of injury. Given the characteristic morphology of Müller glial cells, which span the entire retina, this strategy might be extended to rescue photoreceptor cells and other retinal neurons.
Persistent Expression of Ad-Mediated BDNF with Immunosuppression and its Effect on Injured RGCs. The expression of the BDNF transgene in Müller cells declined rapidly and was barely detectable by anti-c-myc immunoreactivity 10 days after gene transfer. A similar decrease in foreign gene expression was observed previously in other Ad-transduced tissues (35) (36) (37) and has been attributed to the immune response elicited by the vector, which is directed toward the infected cells (23) . Consistent with this idea, the transient BDNF transgene expression in Müller cells, which lasted Ϸ10 days, was prolonged for Ͼ30 days by immunosuppression using FK-506. This suggests that the Ad-triggered immune response rather than decreased CMV promoter activity limits transgene expression within the period studied. The results from the experiment outlined in Fig. 5a demonstrated that under these conditions: (i) the Ad-mediated BDNF remained bioactive; and (ii) pro- (1998) longed exposure to BDNF did not alter the capacity of RGCs to respond to this factor. In spite of these conditions, persistent availability of the bioactive BDNF did not promote long-term survival of axotomized RGCs. These results are in agreement with our previous observations in similarly injured rat retinas where multiple intravitreal injections of BDNF (3) or sustained administration of NT-4 using osmotic minipumps did not prolong RGC survival (38) . Regardless of the delivery system, the RGC survival effect of BDNF is most pronounced within the first week after axotomy and rapidly declines thereafter. It has been shown that exposure of central nervous system neurons to BDNF induces down-regulation of fulllength trkB receptor expression at the mRNA and protein level both in vitro and in vivo (39, 40) . However, our data suggest that in spite of constant exposure to biologically active BDNF, RGCs can express sufficient levels of trkB receptors to mediate a BDNF-elicited survival response, at least during the first 10 days after axotomy. Alternatively, changes triggered by injury rather than by prolonged exposure to BDNF might limit the response of RGCs to this neurotrophin. Thus, the loss of RGCs appears to be closely related to cellular events that take place within 10-16 days after axotomy. One possibility is that axotomy is the trigger of a down-regulation of trkB receptor levels. In addition, results from our laboratory using quantitative in situ hybridization (P. Kittlerova and A.J.A., unpublished observations) indicate a down-regulation of the full-length trkB receptor mRNA levels by 3 days after axotomy that could lead to a desensitization of RGCs to BDNF. Interestingly, ON cut has also been shown to induce an up-regulation of the truncated trkB receptor levels in astrocytes in the ON stump at approximately one week after injury (T. Jelsma, G.M.B., and A.J.A., unpublished data). This raises the possibility of a limited availability of BDNF to injured RGCs due to competitive binding of this ligand by nonneuronal cells. While axotomized RGCs appear to respond only transiently to BDNF, different neuronal populations or pathologies other than axotomy might not lead to such resilience. Future studies will need to focus on the elucidation of the molecular mechanisms responsible for the decline in the effectiveness of this neurotrophin in enhancing neuronal survival after axotomy.
